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The intracellular sensorNod2 is activated in response
to bacteria, and the impairment of this response is
linked to Crohn’s disease. However, the function of
Nod2 in host defense remains poorly understood.
We found that Nod2/ mice exhibited impaired
intestinal clearance of Citrobacter rodentium, an
enteric bacterium that models human infection by
pathogenic Escherichia coli. The increased bacterial
burden was preceded by reduced CCL2 chemokine
production, inflammatory monocyte recruitment,
and Th1 cell responses in the intestine. Colonic
stromal cells, but not epithelial cells or resident
CD11b+ phagocytic cells, produced CCL2 in
response to C. rodentium in a Nod2-dependent
manner. Unlike resident phagocytic cells, inflamma-
tory monocytes produced IL-12, a cytokine that
induces adaptive immunity required for pathogen
clearance. Adoptive transfer of Ly6Chi monocytes
restored the clearance of the pathogen in infected
Ccr2/ mice. Thus, Nod2 mediates CCL2-CCR2-
dependent recruitment of inflammatory monocytes,
which is important in promoting bacterial eradication
in the intestine.
INTRODUCTION
Members of the nucleotide-binding oligomerization domain
(NOD)-like receptor family function as intracellular pattern recog-
nition receptors and regulators of host immunity by sensing
microbial products and damage-associated signals (Shaw
et al., 2008). The NOD-like receptor family member Nod2 recog-
nizes peptidoglycan-derived molecules containing muramyl
dipeptide (MDP) that are produced by both Gram-negative and
Gram-positive bacteria (Girardin et al., 2003; Inohara et al.,
2003) and may also sense viruses and oil adjuvants indepen-
dently of MDP (Moreira et al., 2008; Sabbah et al., 2009). Upon
MDP recognition, Nod2 induces the activation of the transcrip-
tion factor NF-kB and the mitogen-activated protein kinases
(MAPKs) (Inohara et al., 2003; Kobayashi et al., 2002; Parket al., 2007). The importance of Nod2 in inflammatory homeo-
stasis is underscored by the observation that loss-of-function
mutations in the NOD2 gene increase the susceptibility to
Crohn’s disease (CD), a common inflammatory disorder of the
bowel (Hugot et al., 2001; Ogura et al., 2001). In the small intes-
tine, Nod2 has been suggested to control the normal microflora
and bacterial pathogens by regulating the expression and/or
release of antimicrobial peptides in Paneth cells (Biswas et al.,
2010; Petnicki-Ocwieja et al., 2009). In the colon, Nod2-deficient
mice are susceptible to colitis induced by trinitrobenzene sulfo-
nate and adoptive transfer of OVA-specific CD4+ T cells followed
by rectal administration of recombinant E. coli expressing OVA
peptide (Penack et al., 2009; Watanabe et al., 2006). Thus,
Nod2 may regulate the induction of pathogenic T helper 1
(Th1) cells in the intestine. However, the roles of Nod2 in the
regulation of innate and adaptive immune responses triggered
by bacterial pathogens remain poorly understood.
In the intestine, resident macrophages and dendritic cells
(DCs) are hyporesponsive to microbial stimulation, which is
thought to be important for preventing inappropriate activation
of inflammatory responses to the normal microflora (Denning
et al., 2007; Smythies et al., 2005). In response to inflammatory
stimuli, circulating Gr1+CCR2+monocytes that are proinflamma-
tory migrate to tissues (Peters et al., 2004; Serbina et al., 2008).
Gr1+ monocytes are recruited to the ileum after oral infection
with the protozoan parasite Toxoplasma gondii, the cause of
toxoplasmosis (Dunay et al., 2008). In this parasite model, the
recruitment of Gr1+ monocytes to the small intestine is mediated
by the expression of CCR2 on themonocyte population and local
production of the ligand CCL2 (Dunay et al., 2008). Importantly,
Gr1+ monocytes have been shown to control replication of
T. gondii and tissue damage in the small intestine (Dunay et al.,
2008). However, the innate immune sensors and cellular mecha-
nisms that orchestrate the recruitment of Gr1+ monocytes to the
sites of bacterial infection in the intestine remain poorly defined.
Citrobacter rodentium, a bacterial pathogen that naturally
colonizes mice, is widely used to model human infections with
enterohemorragic Escherichia coli (EHEC) and enteropathogenic
E. coli (EPEC) (Borenshtein et al., 2008). Similar to the related
EPEC and EHEC, C. rodentium induces marked infiltration of
inflammatory cells 8–10 days after infection, and such a result
correlates with the peak of bacterial colonization (Mundy et al.,
2005). In wild-type mice, colonization ofC. rodentium is resolved
by days 21–23 after inoculation (Mundy et al., 2005). TheImmunity 34, 769–780, May 27, 2011 ª2011 Elsevier Inc. 769
Figure 1. Nod2–/– Exhibit Impaired Clear-
ance of C. rodentium
(A) Bacterial numbers in stool from WT (n = 10) or
Nod2/ mice (n = 10) infected orally with
C. rodentium were determined by CFU assay.
(B) Colon weight of uninfected wild-type (WT) or
Nod2/mice and infectedWT (n = 10) orNod2/
mice (n = 10) at days 1, 3, 5, 7, 9, or 12 post-
infection (p.i.).
(C) Colon length of uninfected WT (n = 10) or
Nod2/mice (n = 10), and infected WT (n = 10) or
Nod2/ mice (n = 10) at day 12 p.i.
(D) Histopathological scores of inflammation at
day 0 and at day 12 and 22 p.i. of mice inoculated
with C. rodentium. Each dot represents an indi-
vidual mouse.
(E) H&E staining of colon slides from representative
uninfected and infected WT and Nod2/ mice.
Arrow heads and arrows denote marked submu-
cosal inflammatory cellular infiltrates/edema and
epithelial damage/inflammation in the mucosa,
respectively. A 2003magnification is shown. Data
represent means ± SD. *, **, and *** denote signif-
icant differencesbetweenWTandNod2/mice at
p < 0.05, p < 0.01, and p < 0.001, respectively.
Results are representative of at least three inde-
pendent experiments.
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Nod2 Regulates Intestinal Host Defense via CCLmechanism by which C. rodentium is eradicated from the
intestine remains poorly understood, but development of CD4+
T cell-dependent IgG responses against C. rodentium, but not
CD8+ T cells or secretory IgA, are required for clearance (Bry
and Brenner, 2004; Maaser et al., 2004; Simmons et al., 2003).
However, the mechanisms that control the induction of protec-
tive adaptive immunity against C. rodentium remain poorly
defined. In the current work, we showed that Nod2 controlled
the clearance of C. rodentium by regulating the production of
CCL2, the influx of Gr1+ inflammatory monocytes to the colon,
and the induction of Th1 immune responses in the intestine.
RESULTS
Impaired Clearance of C. rodentium in Nod2–/– Mice
To assess the contribution of Nod2 to host defense against
C. rodentium, we infected wild-type (WT) and Nod2/ mice
orally and monitored the number of pathogenic bacteria in the
feces for up to 36 days. Consistent with previous studies (Mundy
et al., 2005), C. rodentium reached 108 colony-forming units
(CFU)/g on days 7–9 and the bacterial load declined over time770 Immunity 34, 769–780, May 27, 2011 ª2011 Elsevier Inc.to become undetectable by day 30 after
infection in WT mice (Figure 1A). In
contrast, the burden of C. rodentium in
the feces of Nod2/ mice remained 4–5
logs higher than in WT mice until day 20
and then declined reaching complete
clearance by day 36 after infection (Fig-
ure 1A). As expected, WT mice devel-
oped an increase in the weight of the
colons, reflecting inflammation, on days
7, 9, and 12; however, the colon weightof Nod2/ mice remained largely unchanged despite compa-
rable or even higher number of enteric pathogenic bacteria (Fig-
ure 1B). Another feature of inflammation, a decrease in colon
length, was observed on day 12 after infection in WT, but not
Nod2/, mice (Figure 1C). Consistently, there was inflammation
in the colons of wild-type mice on day 12 after infection, but this
was greatly attenuated in Nod2/ mice (Figures 1D and 1E).
However, there was overt colitis in Nod2/ mice on day 22
post-infection when colonic inflammation had declined in WT
mice (Figures 1D and 1E). Thus, the increased bacterial load in
Nod2/ mice was associated with reduced colonic inflamma-
tion during the early phase of the infection, but overt colitis at
the late phase of infection. Overall, these results indicate that
Nod2 deficiency results in impaired clearance of C. rodentium.
CCL2 Production Is Reduced in Nod2–/– Mice Infected
with C. rodentium
To begin to understand the impairment of C. rodentium clear-
ance in Nod2/ mice, we examined the production of chemo-
kines as these molecules drive the recruitment of inflammatory
cells to the intestine in response to bacterial infection (Johnston
Figure 2. Nod2–/–Mice Are Impaired in Their
Ability to Produce CCL2 in Response to
C. rodentium
(A–C) Serum CXCL1 (A), CXCL2 (B), and CCL2 (C)
levels at days 0, 3, 6, 9, and 12 after infection
of WT (n = 10) or Nod2/ mice (n = 10) with
C. rodentium.
(D)CCL2 levels in colonhomogenatesderived from
WT and Nod2/mice on days 0, 1, 3, 5, 7, 9, and
12 p.i. with C. rodentium. Data represent means ±
SE. *, **, and *** denote significant differences
between WT and Nod2/ mice at p < 0.05, p <
0.01, and p < 0.001, respectively. Results are
representative of two independent experiments.
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Nod2 Regulates Intestinal Host Defense via CCLand Butcher, 2002). Production of CXCL1, a chemokine that
mediates the influx of neutrophils, was comparable in the sera
of uninfected and infected WT and Nod2/ mice (Figure 2A).
Similarly, production of CXCL2, another chemokine involved in
neutrophil recruitment, was comparable on day 3, 6, and 9 in
the sera of WT and Nod2/ mice, although it was significantly
elevated in Nod2/ mice on day 12 postinfection (Figure 2B).
Notably, the amounts of CCL2, a monocyte chemoattractant,
were reduced in the serumofNod2/mice on days 3 and 6 after
infection when the bacterial burden was comparable in WT and
mutant mice (Figure 2C). CCL2 production was also impaired in
the colon of Nod2/ mice on days 5, 7, and 9 after infection
when compared to WT mice (Figure 2D). These results indicate
that Nod2 positively regulates the production of CCL2 during
the early phase of C. rodentium infection.
Recruitment of CD11b+Gr1+F4/80+ Phagocytic Cells
to the Colon Is Impaired in Nod2–/– Mice
We assessed the influx of monocytes and neutrophils in periph-
eral blood of WT and Nod2/ mice after oral infection with
C. rodentium. On day 9 after infection, there was an increased
in monocytes in WT, but not Nod2/mice (Figure 3A). Although
Nod2/ mice had a mild elevation in the number of peripheral
blood neutrophils before infection, the number of neutrophils
after infection was comparable in WT and Nod2/ mice (Fig-
ure 3A). In the absence of infection, the number of resident cells
that coexpress CD11b and F4/80, which are markers of mono-
cytes and macrophages, was comparable in the colons of WT
and Nod2/ mice (Figure 3B). Similarly, the percentage of
neutrophils (CD11b+Gr1hiF4/80) was similar in the colons of
uninfected WT and Nod2/ mice (Figure S1). In infected
animals, there was an increase in the influx of neutrophils
(CD11b+Gr1hiF4/80) to the colon; however, this was minimally
affected by the absence of Nod2 (Figure S1). When the intestinal
cells were analyzed 12 days after infection, there was a robust
increase in the percentage of CD11b+F4/80+ phagocytic cellsImmunity 34, 769–7in the colons of WT mice that included
Gr1hi and Gr1lo as well as CD11chi and
CD11clo cell populations (Figures 3B
and 3C). Notably, the influx of
CD11b+F4/80+ Gr1hi cells (inflammatory
monocytes) and CD11b+F4/80+Gr1lo
cells (macrophages or DCs) was reduced
in the colons ofNod2/mice (Figures 3B
and 3C). Furthermore, CD11b+F4/80+CD11chi DCs increased
after infection, and this population was also reduced in the in-
fected colons of Nod2/mice (Figures 3B and 3C). In contrast,
the influx of CD11b+F4/80+CD11clo (macrophages) was not
affected by the absence of Nod2 (Figures 3B and 3C). These
studies indicate that Nod2 regulates the influx of circulating
monocytes to the blood and colon in response to C. rodentium
infection.
CCL2 and CCR2 Regulate the Colonic Recruitment
of CD11b+F4/80+ Phagocytic Cells and Clearance
of C. rodentium
To determine whether CCL2 and its receptor CCR2 regulate the
intestinal influx of monocytes in response to C. rodentium infec-
tion, we evaluated mononuclear phagocytic cell populations in
the colons of WT, Ccl2/, and Ccr2/ mice after oral inocula-
tion with the pathogen and compared that with Nod2/ mice,
which were used as a reference control. The recruitment of
CD11b+F4/80+Gr1hi (inflammatory monocytes), CD11b+F4/
80+Gr1lo (macrophage or DCs), and CD11b+F4/80+CD11chi
(DCs) to the colon was reduced in both Ccl2/ and Ccr2/
mice (Figure 4A). In contrast, the influx of CD11b+F4/80+CD11clo
(macrophage) cell population was not altered in Ccl2/,
Ccr2/, and Nod2/ mice (Figure 4A). An analysis of CCR2
expression in bone marrow monocytes revealed comparable
amounts in WT and Nod2/ cells (Figure 4B). To determine
whether CCL2 and CCR2 regulate the clearance of
C. rodentium, we infected WT and mutant mice with the path-
ogen and monitored the bacterial burden in the feces. The
number ofC. rodentium on day 7 after infection was comparable
in WT, Ccl2/, and Ccr2/ mice (Figure 4C). Importantly, the
bacterial burden was increased 3–4 log on day 14 and 2–4
log on day 21 in the feces of Ccr2/ and Ccl2/ mice when
compared to wild-type mice (Figure 4C). The clearance of
C. rodentium in Ccr2/mice was comparable to that observed
in Nod2/ mice, although we observed a slightly increased80, May 27, 2011 ª2011 Elsevier Inc. 771
Figure 3. Impaired Influx of CD11b+Gr1+F4/
80+ Cells to the Colon in Nod2–/– Mice
Infected with C. rodentium
(A) Number of monocytes (CD11b+F4/80+Gr-1hi)
and neutrophils (CD11b+F4/80Gr-1hi) in the
blood of uninfected and infected WT or Nod2/
mice (n = 5–6 mice per group) at day 9 p.i.
(B) Cells were isolated from the colon of WT
or Nod2/ mice on days 0 and 12 after oral
infection withC. rodentium and stained for CD11b,
F4/80, and Gr-1 or CD11c mAb. CD11b+F4/80+
double-positive cells (total fraction) were gated
and percentage of CD11b+F4/80+Gr-1lo (1),
CD11b+F4/80+Gr-1hi (2), CD11b+F4/80+CD11clo
(3), and CD11b+F4/80+CD11chi (4) cells in the
gated population was determined. (C) Quantitated
data pooled from several experiments; each dot
represents one mouse. Horizontal bars indicate
mean values. *, **, and *** denote significant
differences between WT and Nod2/mice at p <
0.05, p < 0.01, and p < 0.001, respectively. N.S.,
not significant. Results are representative of at
least 3 independent experiments.
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Nod2 Regulates Intestinal Host Defense via CCLclearance in Ccl2/ mice relative to Nod2/ mice on day 21
after infection (Figure 4C). Thus, the CCL2-CCR2 axis regulates
the influx of inflammatory monocytes to the colon in response to
C. rodentium infection, and this correlates with impaired clear-
ance of the pathogen.
The Regulation of CCL2 by Nod2 Is Independent
of T Cells and Mediated by Hematopoietic
and Nonhematopoietic Cells
Because T cell-dependent responses are critical for C. rodentium
clearance, we examined whether the regulation of CCL2 and
monocyte influx by Nod2 in the colon requires T cells. To address
this question, we generated Nod2/ mice in the Tcrb/ back-
ground that lack peripheral T cells and compared the response of772 Immunity 34, 769–780, May 27, 2011 ª2011 Elsevier Inc.these animals to Nod2+/+Tcrb/ mice. As
itwasobserved inmicewith intactnumbers
of T cells, Nod2 was important for the
colonic production of CCL2 in response
to oral infection with C. rodentium despite
theabsenceofTcells (FigureS2A).Further-
more, Nod2 regulated the influx of mono-
nuclear phagocytic cells to the colon in
infected animals in the absence of T cells
(Figure S2B). To determine whether Nod2
acts in bone marrow-derived cells or
in stromal or epithelial cells to regulate
the production of CCL2, we generated
chimeric mice by reciprocal bone marrow
transfer into lethality-irradiated recipients
to generate four groups of chimeric mice.
Because Nod2 exhibits an intrinsic func-
tion in T cells to regulate T cell survival
and/or proliferation during homeostatic
proliferation (Shaw et al., 2009), we used
Nod2/Tcrb/ and Nod2+/+Tcrb/ to
construct the chimeric animals to avoidsecondary effects related to the intrinsic function of Nod2 in
T cells. These experiments revealed that both bone marrow-
derived and radio-resistant cell populations contribute to Nod2-
dependent CCL2 production in response to intestinal infection
with C. rodentium, although nonhematopoietic cells appear to
play a more important role (Figure S2C).
Nod2–/– Intestinal Stromal Cells Are Impaired
in CCL2 Production
To determine which cells produce CCL2 in response to
C. rodentium, we infected colonic epithelial cells, intestinal
stromal cells, and resident CD11b+ mononuclear cell popula-
tions withC. rodentium andmeasured CCL2 in the culture super-
natants. Because primary epithelial cells are not suitable for
Figure 4. CCL2 and CCR2 Regulate the Colonic Recruitment of CD11b+F4/80+ Cells and Clearance of C. rodentium
(A) Cells were isolated from the colon of WT, Nod2/, Ccl2/, or Ccr2/mice on day 0, and 12 after oral infection with C. rodentium, and stained for CD11b,
F4/80, and Gr-1 or CD11c mAb. CD11b+F4/80+ double-positive cells (percentage of total cells, left panel) were gated and percentage of CD11b+F4/80+Gr-1lo,
CD11b+F4/80+Gr-1hi, CD11b+F4/80+CD11clo, and CD11b+F4/80+CD11chi cells in the gated population was determined.
(B) Gene expression of Ccr2 was compared between bone marrow monocytes from WT or Nod2/mice by real-time RT-PCR. mRNA expression of Ccr2 was
normalized to that of b-actin. N.S., not significant.
(C) C. rodentium numbers in stool from infected WT, Nod2/, Ccl2/, or Ccr2/ mice (n = 10/ group) at indicated time p.i. were determined by CFU assay.
Data represent means ± SD. * and *** denote significant differences between WT and Nod2/, Ccl2/, or Ccr2/mice at p < 0.05 and p < 0.001, respectively.
Results are representative of at least three independent experiments.
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Nod2 Regulates Intestinal Host Defense via CCLanalysis due to loss of viability during cell isolation, we infected
MC38, an epithelial cell line derived from themouse colon. Infec-
tion of MC38 cells with C. rodentium elicited CXCL1 production,
but not CCL2 (Figures 5A and 5B). Similarly, CD11b+ intestinal
cells that are comprised largely of resident macrophages and
DCs did not produce CCL2 in response toC. rodentium infection
(Figure 5C), although they secreted TNF-a, whichwas reduced in
Nod2/ cells (Figure 5D). Notably, infection of primary stromal
cells isolated from the mouse colon with C. rodentium or EPEC
elicited robust amounts of CCL2 (20–40 ng/ ml), which was
significantly reduced in stromal cells deficient in Nod2 (Figure 5E
and Figure S3). Furthermore, stimulation of stromal cells with
TNF-a induced the production of CCL2, although this was inde-
pendent of Nod2 (Figure 5F). Nod2 mRNA was expressed in
intestinal stromal cells, although at lower levels than in bonemarrow macrophages (Figure 5G). Importantly, stimulation of
stromal cells with MDP induced MAPK activation and degrada-
tion of IkB-a (Figure 5H). Furthermore, MDP induced secretion
of CCL2, which was abrogated in stromal cells deficient in
Nod2 (Figure 5I). These results indicate that colonic stromal cells
are important producers of CCL2 in response to C. rodentium
infection and that this process is regulated by Nod2.
Impaired colonic Th1 Cell Responses and Antibody
Production against C. rodentium in Nod2–/– Mice
Development of T cell mediated IgG production against
C. rodentium is critical for pathogen eradication (Bry and Bren-
ner, 2004; Maaser et al., 2004; Simmons et al., 2003). Infection
of bone marrow CD11b+ phagocytes with C. rodentium elicited
significantly more IL-12, a cytokine that is important for Th1Immunity 34, 769–780, May 27, 2011 ª2011 Elsevier Inc. 773
Figure 5. Nod2–/– Intestinal Stromal Cells Infected with C. rodentium Are Impaired in CCL2 Production
(A and B) MC38 epithelial cells were infected with live C. rodentium at bacterial/macrophage ratio (B/M) of 0 (uninfected), 1, or 10. Cell-free supernatants were
analyzed by ELISA for production of CXCL1 (A) and CCL2 (B). *** denotes significant differences between uninfected and C. rodentium-infected cultures at
p < 0.001.
(C) Purified intestinal CD11b+ cells from the colon were infected with C. rodentium at B/M of 0, 1, or 10. Cell-free supernatants were analyzed by ELISA for
production of CCL2.
(D) Intestinal CD11b+ cells from the colons of WT or Nod2/mice were infected with C. rodentium at B/M of 0, 1, or 10. Cell-free supernatants were analyzed by
ELISA for production of TNF-a.
(E) Colonic stromal cells (intestinal stromal cells) from WT or Nod2/ mice were treated with TNF-a at concentration of 0, 0.1, 1, or 10 ng/ml.
(F) Intestinal stromal cells from WT or Nod2/ mice were infected with C. rodentium at the indicated B/M.
(G) Nod2 gene expression in bone marrow-derived macrophages and intestinal stromal cells by real-time RT-PCR. mRNA expression of Nod2 was normalized to
that of b-actin.
(H) Intestinal stromal cells were left untreated or stimulated with MDP (10 mg/ml) for the indicated times. Cell extracts were immunoblotted with Abs that detect
total and phosphorylated (activated) forms of the indicated proteins.
(I) Intestinal stromal cells were stimulated with MDP or left untreated for 24 hr. Data represent means ± SD. ** and *** denote significant differences between cell
cultures from WT and Nod2/ mice at p < 0.01 and p < 0.001, respectively. Results are representative of at least three independent experiments.
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Nod2 Regulates Intestinal Host Defense via CCLcell responses, than in resident CD11b+ cells purified from the
colon of uninfected mice (Figure 6A). Notably, CD11b+ cells iso-
lated from infected colons produced IL-12 at amounts compa-
rable to those elicited in bone marrow-derived CD11b+ cells,
and at much higher levels than colonic CD11b+ cells from unin-
fected mice (Figure 6B). Further analysis revealed that CD11b+
cells purified from infected colons expressed markers of classi-
cally activated macrophages and increased expression of Arg1
and Ym1 that are induced by microbial stimulation (Qualls774 Immunity 34, 769–780, May 27, 2011 ª2011 Elsevier Inc.et al., 2010), when compared to those found in cells isolated
from the colons of uninfected animals (Figure S4A). To determine
whether Nod2 regulates Th1 cell responses in vivo, we purified
CD4+ T cells from the colons ofWT andNod2/mice after infec-
tion. On day 12 after infection, the induction of IFN-g-producing
CD4+ T cells and doubly producing IFN-g- and IL-17CD4+ T cells
was impaired in the colon of infected Nod2/ mice when
compared to WT mice (Figures 6C and 6D). However, similar
numbers of IFN-g-and-IL-17-producing CD4+ T cells were noted
Figure 6. Impaired Colonic Th1 Cell
Responses and Antibody Production
against C. rodentium in Nod2–/– Mice
(A) Colonic (resident) and bone marrow CD11b+
cells from WT mice were infected with
C. rodentium at a bacterial/macrophage ratio
(B/M) of 0, 1, or 10. Cell-free supernatants were
analyzed by ELISA for production of IL-12p40.
(B) CD11b+ cells purified from the colon of unin-
fected mice or mice inoculated with C. rodentium
for 12 days were infected with C. rodentium at
indicated B/M. Cell-free supernatants were ana-
lyzed by ELISA for production of IL-12p40. ** and
*** denote significant differences between cell
cultures from uninfected and infected with
C. rodentium at p < 0.01 or p < 0.001, respectively.
(C) Intracellular production of IFN-g and IL-17A
was assessed in isolated colonic CD4+ T cells from
WT or Nod2/ mice on days 0 and 12 after oral
infection with C. rodentium. Each dot represents
one mouse and horizontal bars indicate the mean
values.
(D) Raw data from representative experiment used
to generate results in (C). Numbers indicate the
percentage of cells in each quadrant.
(E) Serum levels of C. rodentium-specific IgG
response (mean OD plus SD) in samples from WT
or Nod2/ mice infected with C. rodentium on
days 0, 3, 6, 9, and 12. Data representmeans ± SD.
*, **, and ** denote significant differences between
WT and Nod2/ mice at p < 0.05, p < 0.01, and
p < 0.001, respectively. N.S., not significant.
Results are representative of at least three inde-
pendent experiments.
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Nod2 Regulates Intestinal Host Defense via CCLin WT and Nod2/mice on day 22 after infection when reduced
loads of the pathogen were observed in both WT and mutant
mice (Figure S4B). The reduction in Th1 cell responses was
specific in that the induction of IL-17-producing CD4+ T cells
was comparable in Nod2/ and WT mice (Figures 6C and 6D).
Importantly, serum IgG concentrations against C. rodentium
were reduced significantly in Nod2/ mice, when compared
to WT mice (Figure 6E). Collectively, these results indicate that
Nod2 regulates intestinal Th1 cell responses and IgG production
against C. rodentium in vivo.
Ly6Chi Monocytes Traffic to the Colon and Restore
Clearance of C. rodentium in Ccr2–/– Mice
We next assessed the ability of monocytes to promote the
clearance of C. rodentium in infected mice. To address this
question, we took advantage of our observation that the influx
of monocytes to the colon in response to C. rodentium infection
is impaired in Ccr2/ mice (Figure 4A). Using an adoptive
transfer protocol, we found that intravenous injection of bone
marrow monocytes into Ccr2/ mice induced the influx of
CD11b+F4/80+Gr1hi cells into the colon of previously infectedImmunity 34, 769–Ccr2/ mice, whereas mock transfer
did not (Figure 7A). In addition, transfer
of monocytes from Ccr2/ mice also
induced the influx of CD11b+F4/80+Gr1hi
cells (Figure 7A). The latter is consistentwith previous observations that CCR2 is critical for monocyte
emigration from the bone marrow, but not for circulation into
tissues in response to Listeria or T. gondii infection (Dunay
et al., 2008; Serbina and Pamer, 2006). Importantly, adoptive
transfer of monocytes from Nod2/ mice was as effective
as that of wild-type monocytes in eliciting the influx of
CD11b+F4/80+Gr1hi to the colon of infected Ccr2/ recipient
mice (Figure 7A). These results indicate that Nod2 controls the
colonic recruitment of monocytes through the production of
CCL2, but Nod2 is not required within monocytes to traffic to
the intestine in response to pathogen infection. Ccr2/ mice
transferred with monocytes from wild-type, Ccr2/ and
Nod2/ mice effectively cleared C. rodentium with kinetics
comparable to that observed in intact WT mice (Figure 7B). In
contrast, the bacterial burden in the feces of Ccr2/ mice that
did not receive monocytes was 2–3 logs greater than in mice
injected with wild-type, Ccr2/, or Nod2/ monocytes at
days 16, 20, and 24 after infection (Figure 7B). To determine the
ability of monocyte populations to promote pathogen clearance,
we sorted bone marrow monocytes into Ly6ChiCD11b+ and
Ly6CloCD11b+ subsets and adoptively transferred the purified780, May 27, 2011 ª2011 Elsevier Inc. 775
Figure 7. Ly6Chi but Not Ly6Clo Monocytes Promote Clearance of C. rodentium
(A) Bone marrow monocytes fromWT, Nod2/, and Ccr2/mice were adoptively transferred into Ccr2/mice previously challenged orally with C. rodentium.
Four days after oral infection with C. rodentium, mice received the cells or received PBS (mock) by i.v. injection. Cells were isolated from the colon of WT
monocytes/Ccr2/mice,Nod2/monocytes/Ccr2/mice, andCcr2/monocytes/Ccr2/mice or received nomonocytes (mock) on days 0 and 12
after oral infection withC. rodentium. Intestinal cells were stained for CD11b, F4/80, and Gr-1 or CD11c. CD11b+F4/80+ double-positive cells (percentage of total
cells, left panel) were gated and percentage of CD11b+F4/80+Gr-1lo, CD11b+F4/80+Gr-1hi, CD11b+F4/80+CD11clo, and CD11b+F4/80+CD11chi cells in the gated
population was determined. Results are representative of at least two experiments.
(B) C. rodentium numbers in stool from infected WT monocytes/ Ccr2/mice, Nod2/ monocytes/ Ccr2/ mice, Ccr2/monocytes/ Ccr2/ mice,
and mock/ Ccr2/ mice were determined by CFU assay.
(C) Expression of Ccr2 in bone marrow Ly6Chi or Ly6Clo monocytes by real-time RT-PCR. mRNA expression of Ccr2 was normalized to that of b-actin.
(D) C. rodentium numbers in stool from infected Ly6Chi monocytes/ Ccr2/ mice, Ly6Clo monocytes/ Ccr2/ mice, and mock/ Ccr2/ mice were
determined by CFU assay (n = 5 mice per group). Data represent means ± SD. * and *** denote significant differences between mock and monocytes transferred
mice at p < 0.05 and p < 0.001, respectively. Results are representative of two independent experiments.
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Ly6ChiCD11b+ monocytes expressed higher amounts of CCR2
than Ly6CloCD11b+ monocytes (Figure 7C). Importantly,
Ly6ChiCD11b+, but not Ly6CloCD11b+, monocytes promoted
the clearance of the pathogen (Figure 7D). These results indicate
that the influx of Ly6Chi monocytes to the colon is important to
clear C. rodentium in the intestine.
DISCUSSION
We demonstrate that Nod2 regulates the clearance of
C. rodentium by controlling the production of CCL2 and the influx
of inflammatory monocytes to the site of infection. Unlike resi-
dent macrophages and DCs isolated from uninfected colons,
monocytes, and CD11b+ phagocytic cells purified from colons776 Immunity 34, 769–780, May 27, 2011 ª2011 Elsevier Inc.infected with C. rodentium elicited the production of robust
amounts of IL-12, a cytokine that is critical for the induction of
Th1 cell immune responses and eradication of this pathogen
(Bry and Brenner, 2004; Maaser et al., 2004; Simmons et al.,
2003). Consistently, we found that Nod2 regulates the develop-
ment of Th1 cells in response toC. rodentium in the intestine and
the production of IgG against the bacterium. Adoptive transfer
experiments demonstrated the critical role of Ly6Chi inflamma-
tory monocytes in the clearance of C. rodentium in vivo. These
findings reveal a previously unrecognized role for Nod2 in the
regulation of protective Th1 cell responses against an enteric
pathogen in the intestine via CCL2-dependent recruitment of
inflammatory monocytes.
Recent studies have revealed the presence of two major
subsets of circulating monocytes with different surface markers
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The inflammatory Gr1+Ly6Chi inflammatory monocyte subset
gives rise to macrophages and DCs in systemic and lung infec-
tion models (Peters et al., 2004; Serbina and Pamer, 2006) and
is required for resistance against T. gondii in the small intestine
of mice (Dunay et al., 2008). We showed here that Nod2 regu-
lates the influx of Gr1+ inflammatory monocytes to the colon
in the setting of infection with C. rodentium. In addition to
Gr1+ monocytes, the presence of CD11b+F4/80+Gr1lo and
CD11b+F4/80+CD11chi cells was reduced in the colon of
Nod2/ infected animals. Because Gr1+ inflammatory mono-
cytes differentiate into resident CD11b+F4/80+Gr1lo macro-
phages or DCs and CD11b+F4/80+CD11chi DCs under basal
conditions (Bogunovic et al., 2009; Varol et al., 2009), Nod2
probably controls the presence of CD11b+F4/80+Gr1lo and
CD11b+F4/80+CD11chi cells in the colon by inducing the influx
of Gr1+ monocyte progenitors into the peripheral blood and
into the colon. This possibility is also supported by the observa-
tion that the influx of monocytes in peripheral blood triggered
by infection is impaired in Nod2/ mice. Furthermore, the
increased number of colonic CD11b+F4/80+Gr1lo and
CD11b+F4/80+CD11chi elicited by C. rodentium infection is
reduced inCcl2/ andCcr2/mice, consistent with the known
role of CCL2 in controlling the influx of Gr1+ monocytes to sites
of infection (Dunay et al., 2008; Serbina and Pamer, 2006).
In contrast, neither Nod2 nor CCL2-CCR2 affected the increase
of colonic CD11b+F4/80+CD11clo cells induced by C. rodentium
infection. The latter population is heterogenous but is likely to
include resident macrophages that are derived from circulating
Gr1CCR2 monocytes that patrol the luminal surface of
vascular endothelium and traffic to surrounding tissues for
damage or infection (Auffray et al., 2007).
Under basal conditions, lamina propriaCD11b+F4/80+CD11c
macrophages express several anti-inflammatory molecules
including IL-10, but little or no proinflammatory cytokines even
after microbial stimulation (Denning et al., 2007). In contrast,
lamina propria CD11b+CD11c+ cells comprised several DC
subpopulations that promote Th17cell differentiation, T cell regu-
latory activity and activation of T cells in mesenteric lymph nodes
(Denning et al., 2007;Murai et al., 2009; Schulz et al., 2009). In line
with previous observations that lamina propriamacrophages and
DCs are poor drivers of Th1 cell responses (Monteleone et al.,
2008), infection of the resident CD11b+ colonic population with
C. rodentium elicited significantly less IL-12 production than
bone marrow CD11b+ phagocytes. Furthermore, C. rodentium
induced robust production of IL-12 from CD11b+ cells isolated
from infected colons, but not from CD11b+ cells residing in the
uninfected intestine. Although the CD11b+ population isolated
from infected colon contain multiple subsets, our results suggest
that the inflammatorymonocyte population recruited to the site of
bacterial infection can induceTh1cell responses.Consistentwith
a role of inflammatory monocytes in eliciting Th1 cell responses
against the pathogen, IFN-g-producing T cells and IL-17-
producing T cells were induced in the colon after C. rodentium.
However, only T cells producing IFN-gwere significantly reduced
early in the colon of infectedNod2/mice which correlated with
impaired influx of inflammatory monocytes. Although Nod2 is
likely to influence host defense against enteric pathogens by
several mechanisms (Biswas et al., 2010; Cruickshank et al.,2008; Watanabe et al., 2006), these results suggest that Nod2
controls through CCL2 the recruitment of Gr1+ monocytes to
drive Th1cell responses locally in the intestine. Thus,Gr1+ inflam-
matory monocytes may control infection not only by promoting
intracellular killing of microbes (Dunay et al., 2008) but also by
inducing specific adaptive immunity against the invasive path-
ogen. In the infection model of C. rodentium, CD4+-dependent
IgG production against the pathogen is critical for pathogen
clearance (Bry and Brenner, 2004; Bry et al., 2006; Simmons
et al., 2003). Importantly, the IgG response against
C. rodentium was impaired in Nod2/ mice. Collectively, these
results suggest that regulating the influx of inflammatory mono-
cytes is important for the development of Th1 responses that
mediate the enteric eradication of C. rodentium.
Intestinal stromal cells are composed of several populations
includingmyofibroblasts located directly subjacent to the epithe-
lial basement membrane and interstitial fibroblasts (Powell et al.,
1999; Smith et al., 1997). Intestinal stromal cells can produce
several proinflammatory mediators including cytokines, chemo-
kines, andmetabolites of arachidonic acid in response to various
TLR ligands (Otte et al., 2003). We found that infection of colonic
stromal cells with C. rodentium elicited copious amounts of
CCL2, whereas resident CD11b+ cells did not. Given the close
contact of stromal cells with the epithelium and their abundance
in the lamina propria, these results suggest that these cells are
critically important for the initial sensing of invasive pathogens
and eliciting the influx of Gr1+ inflammatory monocytes. A role
of stromal cells in CCL2 production in response to C. rodentiun
is further supported by several findings. First, CCL2 levels were
greatly attenuated in intestinal stromal cells from Nod2/ mice.
Second, the mouse chimeras experiments revealed that Nod2
acts in both radiation-resistant nonhematopoietic cells and
bone marrow-derived cells to induce CCL2 in response to
C. rodentium infection, although the role of non-hematopoietic
cells was more important. The mechanism by which Nod2
impacts on CCL2 production via hematopoietic cells remain to
be further investigated. Because infection of resident CD11b+
cells with C. rodentium elicited TNF-a production and this
response was attenuated in Nod2/ cells, it is possible that the
mechanism involves impaired secretion of CCL2 by stromal cells
in response toTNF-a stimulation. Althoughour results are consis-
tent with stromal cells being important drivers of CCL2 produc-
tion in the intestine, our results may not apply to all tissues given
that CCL2 is produced by several cell types and that the location
and abundance of stromal cells vary among different organs
(Colotta et al., 1992; Struyf et al., 1998). Further studies using
differentmodels ofmicrobial infectionwill be necessary to under-
stand the role of different cell types in the production of CCL2.
Our findings regarding the role of Nod2 in this model of
intestinal infection with C. rodentium may have implications for
understanding the pathogenesis of CD. A remarkable finding
was that Nod2/ mice exhibited reduced inflammation during
the early phase of the C. rodentium infection, but at later stages
the colon of mutant mice developed severe colitis. Because the
induction of colitis in Nod2/ was preceded by impaired clear-
ance of the enteric bacterium, a possible interpretation is that
the failure to clear the bacterium elicited the overactivation of
Nod2-independent pathways to clear the pathogen. This
scenario is consistent with the observation that Nod2/ miceImmunity 34, 769–780, May 27, 2011 ª2011 Elsevier Inc. 777
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mutant mice eliminated the bacterium. Because C. rodentium
can be recognized by several pattern recognition receptors
including TLR2 and TLR4 (Gibson et al., 2008; Khan et al.,
2006), we suggest that in the absence of Nod2, the mutant
mice mount a compensatory inflammatory responses that leads
to pathogen eradication. Consistent with this model, colitis trig-
gered by adoptive transfer of OVA-specific T cells into Nod2/
recipient mice followed by challenge with recombinant E. coli
expressing OVA peptide is attenuated in the absence of TLR2
(Watanabe et al., 2006). Although several interpretations of the
latter experiments are possible, including a regulatory role for
Nod2 in TLR-mediated responses (Watanabe et al., 2006), one
possibility is that TLR2 is needed to drive proinflammatory
T cells in the absence of Nod2. We have shown that Nod2 is
important to induce Th1 cell responses in the colon of mice in-
fected with C. rodentium. However, the impairment of both
Th1 responses and pathogen clearance was partial, indicating
that other innate signaling pathways activated by the pathogen
can contribute to drive Th1 cell responses leading to pathogen
clearance. Because human CCR2+ inflammatory monocytes,
but not resident macrophages/DCs, can respond robustly to
microbial stimulation and accumulate in intestinal tissue of CD
(Kamada et al., 2008), one interesting possibility is that CCR2+




C57BL/6 mice were from Jackson Laboratories. Nod2/ mice in C57BL/6
background have been described (Kim et al., 2008). Ccl2/ and Ccr2/
mice in C57BL/6 background were a gift of K.J. Pienta, the University of Mich-
igan. Mice were orally inoculated with kanamycin (Kn)-resistant wild-type
C. rodentium strain DBS120, a gift of D. Schauer, Massachusetts Institute of
Technology. Mice were infected by oral gavage with 0.2 ml of PBS containing
1 3 109 CFU of C. rodentium. Histologic assessment was performed in
a blinded fashion by using a scoring system (Chen et al., 2008). EPEC strain
MOR6 was a gift of Dr. M. O’Riordan, the University of Michigan. The animal
studies were conducted under approved protocols by the University of Mich-
igan Committee on Use and Care of Animals.
Cytokine Levels
Mouse chemokines and cytokines were measured with enzyme-linked immu-
noabsorbent assay (ELISA) kits (R&D Systems, Minneapolis, MN).
Bone Marrow and Intestinal Cell Isolation
Colonic cells were isolated with a modified protocol described previously
(Takada et al., 2010). Colonic macrophage/DCs cells or bone marrow mono-
cytes were further purified by positive selection with amagnetic cell separation
system (MACS; Miltenyi Biotec, Auburn, CA) with anti-mouse CD11bmicrobe-
ads (Takada et al., 2010). Analyses of purified populations showed that the
purified BM cells were >80% CD11b+F4/80+, whereas the intestinal cells
were >80% CD11b+ and contained both F4/80+ and CD11c+ cells. Stromal
cells were isolated from the intestinal mononuclear cell fraction by plating
and incubating intestinal mononuclear cells overnight. The attached fibro-
blast-like cells were additionally cultured for 7 days before use (Lawrance
et al., 2003).
Flow Cytometric Analysis
Cells were stained with labeled mAbs for mouse F4/80, CD11b, CD11c, Gr-1,
CD4, IL-17A, and IFN-g (purchased fromBDPharMingen or eBiosciences [San
Diego, CA]) for 20 min at 4C. After staining, cells were analyzed with a FACS778 Immunity 34, 769–780, May 27, 2011 ª2011 Elsevier Inc.Calibur system. CellQuest (BDBiosciences, San Jose, CA) or Flowjo (TreeStar,
Ashland, OR) software was used for data analysis.
In Vitro Bacterial Infection
MC38 cells (a gift of Y. Liu from the University ofMichigan), monocytes, macro-
phages/DCs, or stromal cells were infected for 60min at 37C, and 50 mg/ml of
gentamycin was added to limit the growth of extracellular bacteria.
cDNA Synthesis and Real-Time RT-PCR
Total RNA was extracted with Total RNA Kit I (OMEGA Bio-Tek, Inc.) in accor-
dance to themanufacturer’s instructions and cDNAwas synthesized with High
Capacity RNA-to-cDNA Kit (Applied Biosystems). Real-time PCR was per-
formed with SYBR Green master mix (Applied Biosystems). Expression of
each target gene was normalized to that of b-actin.
Immunoblotting
Cell lysates were probed with antibodies specific for mouse IkB-a, p38,
phospho-p38, phospho-ERK, and phospho-JNK (Cell Signaling Technology,
Beverly, MA).
ELISA for anti-Citrobacter IgG
C. rodentium-specific IgG was quantified by coating 96-well plates with heat-
killed C. rodentium as described (Bry and Brenner, 2004).
Bone Marrow Chimeric Mice
For generation of BM chimeric mice, Nod2+/+Tcrb/ and Nod2/Tcrb/
recipients received a single lethal dose of 9 Gy total body irradiation from
a 137Cesium source. On the same day, mice were injected i.v. with 5 3 106
BM cells from Nod2+/+Tcrb/ or Nod2/Tcrb/ mice and then rested for
8 weeks before use.
Adoptive Transfer
Bone-marrow cells from wild-type, Nod2/, and Ccr2/ mice were har-
vested and washed in FACS buffer and monocytes were isolated by The
EasySep mouse monocyte enrichment Kit (STEMCELL Technologies Inc,
Vancouver, Canada). For separating Ly6Chigh and Ly6Clow monocytes, bone
marrow monocytes were incubated with anti-CD11b and anti-Ly6C mAb
and double-positive (CD11b+Ly6C+) and single-positive (CD11b+Ly6C) cells
sorted by flow cytometry. Monocytes were counted and transferred by i.v.
inoculation of 1 3 106 cells in the tail vein of Ccr2/ mice 4 days after oral
infectionwithC. rodentium. Bacteria clearancewasmeasured every week until
4 weeks after oral infection. Alternatively, colons were collected 12 days after
oral infection, and colonic cells were isolated for flow cytometric analysis.
Statistical Analysis
Statistical significance between groups was determined by two-tailed t test
with unequal variance (Aspin-Welch’s t test). In vivo chemokine production
and bacterial counts of infected mice were analyzed by Mann-Whitney test.
Differences were considered significant when p values were < 0.05.
SUPPLEMENTAL INFORMATION
Supplemental Information includes four figures and can be found with this
article online at doi:10.1016/j.immuni.2011.04.013.
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